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C hildhood obesity has increased dramatically in the United
States during the past 30 years, which has been associated with a parallel rise in systolic blood pressure (BP) and pulse pressure (PP) in adolescents and young adults. 1 Consistent with the elevation in systolic BP and PP, there has been an increase in the rates of prehypertension and hypertension mostly in youth with obesity, 2 with the majority phenotype being in the form of isolated systolic, rather than, systolic/diastolic hypertension. 3 Thus, these data suggest that the obesity-associated elevation in BP in youth may be related to abnormalities in structure and function of the large elastic arteries, rather than alterations in small resistance arteries and arterioles that govern peripheral vascular resistance and mean BP. 1 Even in the absence of hypertension, however, obesity in children and adolescents is associated with elevated left ventricular (LV) mass [4] [5] [6] and increased adiposity in youth predicts the excess LV mass in adulthood beyond what is expected for somatic growth. 5, 6 This is important because higher LV mass is a strong independent predictor of cardiovascular disease (CVD) morbidity and mortality in adults. 7 In cross-sectional studies, higher body mass index (BMI) or weight are independent predictors of elevated LV mass in childhood in multiple regression models that include brachial systolic BP. 5, 6 In addition, longitudinal studies indicate that increased LV mass may precede the development of higher brachial systolic BP in obese youth. 5, 6 Therefore, these findings suggest that the LV hypertrophy in childhood and young adulthood attributed to excess childhood adiposity is not explained simply by higher brachial BP. Moreover, central systolic BP and PP are more closely associated with LV wall thickness than brachial BP in adults. 8, 9 However, whether central BP or related pulsatile hemodynamics contribute to LV hypertrophy rather than brachial measured BP in obese youth is unknown.
Abstract-We hypothesized that increased aortic forward pressure wave amplitude (Pf), which is determined by characteristic impedance (Zc) in the proximal aorta, is the primary hemodynamic determinant of obesity-associated higher left ventricular (LV) mass in adolescents. Aortic pulsatile hemodynamics were measured noninvasively in 60 healthy adolescents (age 14-19 years; 42% male; 50% black) by sequential recordings of pulse waveforms via tonometry, brachial blood pressure, and pulsed Doppler and diameter of the LV outflow tract using 2-dimensional echocardiography. Adolescents who were overweight/obese (n=23; age 16.0±0.3 years; body mass index ≥85th percentile) had higher LV mass index, brachial and carotid systolic blood pressure and pulse pressure, normalized Zc and Pf compared with adolescents with healthy weight (n=37; 16 .44, P<0.01). These findings suggest that higher aortic Pf is a major hemodynamic determinant of increased LV mass in adolescents with elevated adiposity. Improper matching between aortic diameter and pulsatile flow during early systole potentially contributes to the early development of LV hypertrophy in childhood obesity. (Hypertension. 2016;68:1200-Elevated aortic forward wave amplitude (Pf), as determined from characteristic impedance (Zc) to peak flow in early systole in the proximal aorta before return of reflected waves, is a significant hemodynamic predictor of CVD risk independent of mean BP and other CVD risk factors in middle-aged and older adults. 10 Interestingly, aortic Pf remains a significant predictor of CVD risk even after adjusting for carotid-femoral pulse wave velocity (PWV). Thus, these data suggest that the central pulsatile load determined from the interaction between aortic diameter and flow is a strong contributor to increased CVD risk in adults, and that aortic wall stiffness does not discernably mediate the relation between Pf and CVD risk. Moreover, given that aortic diameter influences Zc 5× more than aortic wall stiffness 11 and predicts increases in PP in adults 12, 13 ; it is possible that the mismatch between aortic flow and diameter leading to enhanced Pf in obese youth may be the best predictor of cardiac remodeling than aortic stiffness or brachial BP.
Therefore, in this study we sought to determine whether abnormal aortic pulsatile hemodynamics were independently associated with the development of increased LV mass in overweight and obese youth. We hypothesized that aortic Pf, determined from Zc, would be the strongest hemodynamic correlate of the obesity-related increase in LV mass in obese adolescents independent of BP and aortic stiffness.
Methods

Participants
The cohort consisted of 60 healthy adolescents (age range 14-19 years) recruited from the Augusta, GA, community. Participants were healthy as assessed by extensive health history questionnaire, BP and normal liver, kidney and thyroid function by blood work. Participants were excluded if they were smokers, had a history of CVD, diabetes mellitus, or were taking vasoactive medications. All participants were fasted for at least 4 hours and refrained from any exercise and caffeine on the day of testing. Females were tested during the early follicular phase of their menstrual cycle and females on oral contraceptives were included. The Human Assurance Committee of the Augusta University approved the informed consent and child assent documents and all procedures related to the study. Parents of participants provided written informed consent if participant was <18 years of age, and the subjects read and signed a child assent document. Participants were ≥18 years of age provided written informed consent.
Body Composition and Anthropometrics
The participants' body weight and height were measured to calculate BMI. BMI percentiles were determined by using Centers for Disease Control percentile growth charts. Waist and hip girth were measured, and waist:hip ratio was calculated. Duel energy x-ray absorptiometry (QDR-4500W, Hologic, Inc) was used to determine total fat and fat-free masses.
BP and Pulse Wave Analysis and Velocity
After 10 minutes of supine rest, clinic brachial artery BP was assessed in triplicate using a standard oscillometric automatic (Dinamap Pro 100, GE Healthcare, Inc) BP cuff. Next, an auscultatory BP was recorded by an investigator using a built-in cuff microphone allowing for accurate identification of first and fifth Korotkoff sounds (Noninvasive hemodynamics [NIHem] workstation, Cardiovascular Engineering, Inc]. Arterial tonometry of the brachial, radial, femoral, and carotid artery was performed sequentially with a custom transducer and waveforms were signal-averaged and gated to the ECG R wave (NIHem, Cardiovascular Engineering, Inc) as previously described.
14 Average systolic and diastolic BPs were used to calibrate peak and trough of the signal-averaged BP waveform, and BP measurements were over read by a single investigator. Carotid-femoral artery PWV and carotid-radial artery PWV were calculated as previously described.
14 Distances from suprasternal notch to carotid was subtracted from suprasternal notch to respective pulse recording sites (ie, radial, brachial, and femoral) to correct for parallel transmission of the pressure pulse in the carotid artery and aorta arch. Suprasternal notch to femoral distance was measured using a large caliper to avoid overestimation of aortic arch to femoral path length in participants with central obesity. Corrected distances were divided by respective foot-to-foot time delays to calculate PWV.
Central Pulsatile Hemodynamics
Aortic Zc, which measures the pulsatile flow and pressure relation in the proximal aorta in early systole before the return of reflected waves, was measured as described originally by Kelly et al 15 and recently by Mitchell et al 10, 16 First, 2-dimensional (2D) echocardiographic images (Logiq 7, GE Healthcare, Inc) were acquired using a 2-to 4-MHz sector transducer of the LV outflow tract from a parasternal long-axis view followed by pulsed Doppler from an apical 5-chamber view. Acquisition of carotid artery waveforms was then immediately obtained, and carotid pressure was calibrated to the diastolic and integrated mean BPs (NIHem, Cardiovascular Engineering, Inc). LV outflow tract diameter was measured as the largest diameter in early systole just proximal to the aortic leaflets. The LV outflow pulsed Doppler velocity waveform was then multiplied by outflow tract area to compute aortic volume flow. Cardiac output was defined as the integrated mean of the signal averaged volume flow waveform, and mean resistance was calculated as mean pressure divided by cardiac output. Aortic Zc was calculated in the time domain by dividing the change in carotid pressure (∆P) in early systole by the corresponding increase in 95% aortic volume flow (Zc=ΔP/Q 95 ). Pressure waveforms were decomposed into forward (ie, Pf) and backward (ie, Pb) amplitude waves and their ratio (Pb/Pf) was taken as the global reflection coefficient as previously described.
16
LV Structure and Function
2D M-mode echocardiography (Logiq 7, GE Healthcare) using a 2-to 4-MHz sector transducer was used to measure LV posterior, interventricular wall thickness in diastole, and LV internal diameter as previously described 17, 18 LV mass was derived from the Devereux formula ). 20 Pulsed Doppler was performed to record mitral inflow to derive the indices of LV filling according to American Society of Echocardiography conventions as previously described. 21 The sample volume was placed at the tips of mitral leaflets to record the highest velocity of diastolic inflow. Five consecutive cardiac cycles having the highest velocity in early diastolic filling (E) were analyzed for peak velocity of E, the peak velocity of late diastolic filling via atrial contraction (A), and their ratio (E/A).
Tissue Doppler measurements were obtained by using apical 4-chamber view for evaluating the septum portion of the mitral valve annulus. The sample volume was placed at the basal portion of the referred walls, and initial (E′) diastolic velocities for 5 consecutive beats were analyzed and averaged. The E/E′ ratio was calculated as a surrogate of LV filling pressure. 22 All echo analyses were performed by a trained pediatric cardiologist (A.D.) blinded to subject identity.
Physical Activity and Maximal Exercise Oxygen Uptake
Time spent in physical activity (hours/wk) during the previous 12 months was assessed by the Youth Adolescent Activity Questionnaire seasonal format. 23, 24 The Youth Adolescent Activity Questionnaire is a 24-item inventory and a 2D measure of the previous year's activity (physical and sedentary activity) in 9 to 18 year olds and takes ≈5 to 10 minutes to complete. Physical activity responses range from <1/2 hours/wk to ≥6 hours/wk and are broken down by weekday and weekend, are represented by whole numbers of hours. To obtain maximal oxygen uptake at maximal exercise, subjects performed an exercise test on a motorized treadmill to exhaustion using a Bruce protocol with continuous respiratory gas analysis (True One 2400, Parvo Medics, Inc). 
Statistical Analyses
Participants were stratified into healthy weight (BMI percentile ≤85th) and overweight/obese (BMI percentile >85th), and differences between groups for all variables were determined by independent t tests. Partial correlations adjusted for age, sex, and race were performed between LVMI and participants characteristics, BP and central pulsatile hemodynamic variables to identify bivariate correlates of LVMI. Variables that were significantly associated with LVMI in the partial correlation analyses were entered into a stepwise multiple regression model that included age, sex, and race to determine independent correlates of LVMI. Independent variables that were highly correlated with each other (eg, BMI and waist circumference, brachial systolic BP and carotid systolic BP, and cardiac output and Q max ) were substituted into separate stepwise models to avoid the risk of collinearity and overfitting to determine whether models were altered or remained unchanged with the substituted variable in the model. All statistical analysis was performed on SPSS 22.0 (IBM SPSS, Inc) and a P value <0.05 was required for statistical significance.
Results
Comparison of Demographics, Anthropometrics, and BP Between Healthy Weight and Overweight/ Obese Participants
Overweight/obese adolescents did not differ in age, but by design, demonstrated higher weight, BMI, BMI percentile, body fat percentage, waist circumference, hip circumference, and waist:hip ratio than healthy weight adolescents (all P<0.01, Table 1 ). Overweight/obese adolescents had higher clinic (ie, Dinamap) brachial systolic BP (+9.0%) and brachial PP (+17.8%, both P<0.01) but not mean (P=0.43) or diastolic BP (P=0.93; Table 1 ). Pulse wave analysis obtained brachial artery systolic BP (+7.8%), carotid systolic BP (+6.9%), brachial artery PP (+16.1%), and carotid PP (+16.2%) were all higher in overweight/obese adolescents (all P<0.01) compared with their healthy weight counterparts (Table 2 ). In contrast, mean arterial pressure (P=0.56), brachial artery diastolic BP (P=0.81), and aortic diastolic BP (P=0.87) were not different in overweight/ obese compared with healthy weight participants ( Table 2) .
Comparison of Pulse Wave Analysis and Central Pulsatile Hemodynamics Between Healthy Weight and Overweight/Obese Adolescents
Carotid-radial PWV was significantly lower in adolescents who were overweight/obese (P=0.03), but carotid-femoral PWV (P=0.68), carotid augmentation index (P=0.08), reflected wave transit time (P=0.37), and heart rate (P=0.28) were not significantly different between groups ( Table 2) . As expected, cardiac output and peak aortic flow were higher (both P<0.01) and mean resistance was lower (P=0.02) in obese/overweight adolescents, but cardiac index between groups was not different (P=0.11). There was a trend for a larger LV outflow tract diameter (P=0.08), but aortic Zc was not different between groups (P=0.86). Zc normalized for mean resistance (to account for differences in body size) was significantly higher in overweight/obese than normal weight adolescents (P<0.01; Table 3 ). Furthermore, aortic Pf (47.9±3.0 versus 39.7±1.8 mm Hg, P<0.01) was significantly higher in overweight/obese than healthy weight adolescents, but there was no difference in Pb (12.6±0.7 versus 12.5±0.7 mm Hg, P=0.92). As a result, the reflection coefficient was significantly lower (0.27±0.01 versus 0.31±0.01, P<0.01) in overweight/obese compared with the healthy weight participants (Figure) .
Comparison of Cardiac Structure and Function Between Healthy Weight and Overweight/Obese Adolescents
Adolescents who were overweight/obese demonstrated higher LV internal diastolic diameter (P=0.03), LV posterior wall thickness in diastole (P=0.02), LV mass (P<0.01), and LVMI (P<0.01; Table 3 ). In contrast, there were no differences between groups in interventricular septal thickness (P=0.08), aortic root diameter (P=0.31), LV ejection fraction (P=0.94), and LV fractional shortening (P=0.71). Moreover, there were (Table 3) .
Partial Correlations and Multiple Linear Regression on LVMI Adjusted for Age, Sex, and Race
Partial correlates of LVMI after adjusting for age, sex, and race included BMI, BMI percentile, waist circumference, hip circumference, waist:hip ratio, total body fat percentage, fat-free mass Table 4 ; Table S1 in the online-only Data Supplement). In contrast, brachial diastolic BP, carotid diastolic BP, carotid-femoral PWV, carotid-radial PWV, carotid augmentation index, mean BP, cardiac index, aortic Zc, aortic Pb, reflection coefficient, and heart rate were not correlated with LVMI (Table 4; Table S1 ).
Stepwise multiple linear regression on LVMI that entered age, sex and race, BMI, cardiac output, Zc normalized for Z0, aortic Pf, and brachial systolic BP, revealed that only BMI (B ± SE; 0.49±0. 20 Table 5 ). Because carotid systolic BP and carotid PP were highly correlated with brachial systolic BP, they were not entered in the same model because of the risk for collinearity. If these were each substituted for brachial systolic BP separately, the model R 2 was unchanged. The same occurred when either waist circumference or BMI percentile was substituted for BMI in the model (data not shown). Interestingly, when peak aortic flow, which was highly correlated with cardiac output (r=0.83, P<0.01), was entered in place of cardiac output in the model, peak aortic flow contributed the most (R Table S2 ).
Discussion
The primary finding of our study is that aortic Pf (ie, forward pressure wave amplitude), as determined from Zc in the proximal aorta during early systole before arrival of wave reflections, is a strong hemodynamic determinant of higher LV mass in adolescents who are overweight or obese. Indeed, Pf as well as BMI and cardiac output were the best independent correlates of increased LVMI in the stepwise multiple regression model that included age, sex, race, adjusted Zc, and brachial systolic BP. If Values are partial r correlation coefficients. BP indicates blood pressure; Pb, backward pressure wave amplitude; Pf, forward pressure wave amplitude; PWV, pulse wave velocity; Q max , peak aortic flow; Z0, mean resistance; and Zc, aortic characteristic impedance. *P<0.05. by guest on November 11, 2017 http://hyper.ahajournals.org/ Downloaded from peak aortic flow is substituted for cardiac output in the model, then Q max along with Pf and BMI are the strongest determinants of LVMI. These findings are consistent with the idea that higher peak aortic flow results in greater forward pressure wave amplitude and subsequently contributes, in part, to the increased LV mass in adolescents with obesity. Consistent with these findings, aortic Pf, cardiac output, brachial and carotid systolic BP, but not mean BP, carotid-femoral PWV, carotid augmentation index, or aortic Pb were higher in the overweight/obese adolescents and none were correlated with LVMI. Thus, these data indicate that neither the steady component of BP (mean BP), aortic wall stiffness (carotid-femoral PWV), or reflected or backward pressure waves (augmentation index or Pb) contributed to the increased LV mass in our cohort of healthy adolescents with greater adiposity. To our knowledge, our data are the first to describe an independent association between Pf and LV remodeling in obese youth using a comprehensive noninvasive assessment of central pulsatile hemodynamics. Taken together, these data suggest that improper matching between proximal aortic diameter and higher flow in early systole and the resulting elevation in Pf, rather than mean BP, aortic stiffness, or wave reflection, likely is the primary hemodynamic contributor to the early increase in LV mass associated with childhood obesity.
During the past 3 decades, the rise in childhood obesity has been associated with increased occurrence of elevated systolic and PP in youth 1 and subsequently, an increased prevalence of isolated systolic hypertension in children and adolescents. 3 Children with hypertension already exhibit evidence of cardiovascular target organ damage such as increased LV mass and carotid intimal-medial thickening. 25, 26 However, even in the absence of hypertension, obese children demonstrate increased LV mass, 5, 6 and this higher LV mass may precede the elevation of BP. 5 Moreover, the higher body weight in obese children predicts the degree of excess cardiac mass in adulthood independent of brachial BP, suggesting that childhood obesity portends a higher CVD risk in adults. 5 These results suggest that either BP does not play a large role in the development of LV hypertrophy in obese youth or that clinical cuff BP typically measured in the brachial artery is not a good predictor of LV remodeling. Thus, our data are consistent with these ideas because brachial systolic BP was not associated with obesity-associated higher LV mass in the regression model in our cohort.
In normal weight youth, the aorta remodels in proportion to somatic growth as cardiac output increases to maintain systolic and PP within the normal range for age. 1 In contrast, obesity-associated higher cardiac output leads to expansive remodeling of the aorta beyond somatic growth to a larger diameter as a result of increased shear stress in an attempt to accommodate greater pulsatile flow, 27 but this also results in higher wall stress and subsequent aortic wall stiffening. 27 In this regard, in obese youth who develop elevated systolic BP and PP, it is possible that the somatic aortic remodeling is inadequately matched to the elevated aortic flow, thus, resulting in a hemodynamic mismatch and consequently greater normalized Zc. 1 Interestingly, the other components that can contribute to aortic Zc and greater Pf, such as increased aortic stiffness 11 and Pb, 28 were not different between overweight/obese and normal weight adolescents and were not associated with LVMI. Taken together, our data support the idea that the inability of the aortic diameter to accommodate the obesity-related higher flow, rather than greater aortic stiffness or enhanced wave reflection, is the primary hemodynamic mediator of higher LV mass.
Our results are consistent with studies in adults that examine the pulsatile components of central BP (systolic or PP) are more strongly associated with LV wall thickness than steady components of BP (mean BP) or aortic stiffness. 8, 9 Similarly, we found that carotid-femoral PWV and mean BP were not different between normal weight and overweight/obese adolescents and neither were associated with LVMI. In contrast, the lack of difference in carotid-femoral PWV differs from previous studies from our group 29 and others 30 that found that obese children had higher carotid-femoral PWV compared with normal weight children. Differences between this study and previous studies may be that the obese cohort in our previous study 29 was entirely black, had higher BMI and BP, and the cohort of Urbina et al 30 consisted of children and young adults as well as adolescents (eg, age 10-24 years) who had higher BMI and central obesity than our cohort. Alternatively, it is possible that differences in aortic stiffness have not yet developed in our healthy cohort, despite large differences in systolic and PP between the obese and normal weight adolescents. Therefore, it is likely the increase in Pf from the aortic diameter and flow mismatch precedes the elevation of aortic PWV with obesity leading to higher systolic and PP because Zc is more highly dependent on aortic diameter than stiffness. Future longitudinal studies will be required to investigate the temporal development of higher Pf or aortic stiffness in youth who are obese as they progress through adolescence to adulthood.
Although the mechanisms by which elevated Pf may lead to higher LV mass cannot be determined from our study, one possibility is that the higher Pf observed in obese children was Variables excluded in the stepwise model were age, sex, race, Zc normalized for Z0, and brachial systolic blood pressure. β indicates standardized coefficient; B, unstandardized coefficient; Pf, forward pressure wave amplitude; Zc, aortic characteristic impedance; and Z0, mean resistance. generated from a higher LV isovolumetric dP/dt. Although we could not measure dP/dt, a previous study reported that max dP/dt was not different between obese and normal weight young adults. 31 Moreover, other measures of LV contractility (eg, ejection fraction and wall shortening) tend to be reduced or not different in obese adolescents, 32 and measures of contractility were not different between the normal weight and obese adolescents in our study. Alternatively, we speculate that the higher Pf observed in youth with obesity in our study is a result of the elevated central pulsatile afterload (ie, normalized Zc) imposed on the LV by the diameter/flow mismatch. This is because aortic Zc selectively modulates the time-varying afterload in early systole when myocardial wall stress peaks before the arrival of wave reflections. 33 Given that the steady component of afterload (mean pressure) and wave reflections (Pb and augmentation index) were not different between obese and normal weight children, our data support the importance of pulsatile afterload in early systole as a potential key hemodynamic stimulus for the LV hypertrophy in obese youth. Future investigations will need to perform longitudinal studies of LV outflow and aortic pressure coupled with more sophisticated imaging (eg, magnetic resonance imaging) of the proximal aortic lumen area in children with obesity from childhood through adolescence and young adulthood to further support our findings.
The study is limited by its cross-sectional design so that direction of the relation between central pulsatile hemodynamic variables and LVMI cannot be determined in our cohort. Second, we did not have data on pubertal maturity and therefore it is not clear whether the stage of maturation contributed to residual confounding. Third, our cohort consisted of healthy adolescents without hypertension, diabetes mellitus other overt CVD risk factors; therefore, our data may not be extrapolated to adolescents with multiple CVD risk factors. However, our cohort was evenly split between males and females and white and nonwhite adolescents making it a reasonable representative sample of US youth. In addition, to our knowledge our study is the largest cohort of youth reported to date with a comprehensive battery of central BP pulsatile hemodynamics and arterial stiffness measurements coupled with the detailed assessments of LV structure and function in youth. Finally, we found that carotid-radial PWV was paradoxically lower in overweight/ obese compared with normal weight adolescents. The reasons for this phenomenon are unclear but lower carotid-radial PWV and brachial artery distensibility have been reported in obese compared with normal weight children previously by our group 29, 34 and others, 30 respectively, suggesting that peripheral artery stiffness likely does not contribute to higher systolic BP in obese youth. Future studies will need to determine the mechanisms and physiological significance of this interesting finding.
In conclusion, elevated aortic Pf, as a result of improper matching between proximal aortic diameter and higher flow during early systole, was a primary hemodynamic correlate of the increase in LV mass observed in adolescents who were overweight/obese. These data suggest that elevated pulsatile afterload, rather than mean BP, aortic stiffness, or wave reflection, potentially contributes substantially to the early development of LV hypertrophy observed in childhood obesity.
Perspectives
Our study supports the idea that the mismatch between the obesity-associated increase in aortic flow and lack of appropriate remodeling of the aorta potentially plays a significant role in the development of LV hypertrophy in adolescents with obesity. Our data underscore the critical need for primordial prevention of, or interventions to reduce, excess adiposity in children to prevent central pulsatile hemodynamic-associated LV hypertrophy and the attendant elevated CVD risk as children progress into adulthood. However, given the difficulty in obesity prevention efforts in children, other nonpharmacological interventions at modifying the aortic diameter/flow mismatch in obese children are necessary. One such intervention could be the implementation of habitual moderate to vigorous physical activity/aerobic exercise in obese children. In addition to the numerous cardiovascular and metabolic benefits of exercise, frequent bouts of aerobic exercise could favorably remodel the aorta to higher diameter through chronic elevations in shear stress on the vascular wall even in the absence of weight loss, thus normalizing the aortic flow/diameter mismatch and moderating the stimulus for LV hypertrophy. However, future exercise intervention studies in children and adolescents who are overweight/obese will be necessary to test this idea.
• The data support the idea that improper matching between proximal aortic diameter and higher aortic flow (eg, cardiac output) in early systole, rather than brachial systolic or mean blood pressure, aortic stiffness, or wave reflection contributes substantially to the LV remodeling observed in youth with excess adiposity.
What Is Relevant?
• The study underscores the critical need for primordial prevention of, or interventions to reduce, excess adiposity in children to prevent central pulsatile hemodynamic-mediated LV hypertrophy and the attendant elevated cardiovascular disease risk in children as they progress into adulthood.
Summary
In a cohort of 60 healthy adolescents, aortic Pf, as determined from Zc in the proximal aorta during early systole before the arrival of wave reflections, is the strongest hemodynamic determinant of higher LV mass in adolescents who are overweight or obese. In stepwise multiple regression analyses, aortic Pf, body mass index and cardiac output were the only independent correlates of increased LV mass index in a stepwise regression model. The findings are consistent with the idea that obesity-associated aortic flow and diameter mismatch results in greater Pf and subsequently contributes to the increased LV mass in adolescents who have elevated adiposity. 
